Abstract The distribution of hepatitis B virus (HBV) in the populations of island Southeast Asia is of medical and anthropological interest and is associated with an unusually high genetic diversity. This study examined the association of this HBV genetic diversity with the ethnogeography of the populations of the Indonesian archipelago. Whole genome analysis of 21 HBV isolates from East Nusa Tenggara and Papua revealed two recently reported HBV/ B subgenotypes unique to the former, B7 (7 isolates) and B8 (5 isolates), and uncovered a further novel subgenotype designated B9 (4 isolates). Further isolates were collected from 419 individuals with defined ethnic backgrounds representing 40 populations. HBV/B was predominant in Austronesian-language-speaking populations, whereas HBV/C was the major genotype in Papua and Papuainfluenced populations of Moluccas; HBV/B3 was the predominant subgenotype in the western half of the archipelago (speakers of the Western Malayo-Polynesian [WMP] branch of Austronesian languages), whereas B7, B8 and B9 were specific to Nusa Tenggara (Central Malayo-Polynesian (CMP)). The result provides the first direct evidence that the distribution of HBV genotypes/ subgenotypes in the Indonesian archipelago is related to the ethnic origin of its populations and suggests that the HBV distribution is associated with the ancient migratory events in the peopling of the archipelago.
Introduction
Hepatitis B virus (HBV) is a major cause of liver diseases, particularly in Asia. Genetic variability of HBV plays an important role in the development to chronic hepatitis B and is associated with the clinical outcome and response to treatment [17, 38, 56] . Eight HBV genotypes, A to H, have been identified [2, 24, 25, 27, 30, 31, 36, 45] , with genotypes B and C being predominant among Asian populations. Very recently, two new additional HBV genotypes, HBV/I and HBV/J, were proposed for isolates collected from Laos and Japan, respectively [14, 51] .
Eight subgenotypes have been reported for the Asian HBV genotype B (HBV/B), each with different geographical predominance: B1 in Japan, B2 in China, B3 in Indonesia, B4 in Vietnam, B5 in the Philippines, B6 in the Arctic indigenous population, and B7 and B8 in eastern Nusa Tenggara islands of Indonesia [28, 29, 32, 34, 41, 42] . Similarly, HBV genotype C (HBV/C) has been classified into six geographically related subgenotypes: C1, C5 and C6 in Southeast Asia, C2 in East Asia [13, 24, 29, 41, 55] , C3 mostly in the Pacific, and C4 in the Aborigines of Northeast Australia [32, 46] .
The distribution of HBV genotypes and subgenotypes in the populations of island Southeast Asia is of particular interest. The Indonesian part of the archipelago alone consists of approximately 17,500 islands and is home to 230 million people of more than 500 ethnic populations, inhabiting around 6,000 islands [48] . The main origins of these populations are believed to be two major waves of ancient migration: the initial peopling of the archipelago by modern humans 60,000 years before present (yBP) and the arrival of Austronesian languages speakers around 5,000 yBP [3] . Information regarding the distribution of HBV genotypes/subgenotypes amongst the ethnic populations of the archipelago, therefore, might yield knowledge of anthropological significance. Such information is of medical importance, as this ethnically diverse region is now the major source of migrant populations in the more developed countries.
Our recent study suggests that the HBV genotype/subgenotype distribution in this archipelago is complex and indeed associated with the ethnic background of the populations rather than with geographical locations [34] . For example, HBV/B3 is found mainly in ethnic populations of the western half of the archipelago, while HBV/B7 is associated with ethnic populations of the Nusa Tenggara islands of the eastern half. A recent nationwide study of HBV molecular epidemiology in Indonesia showing the geographical specificity of distribution of HBV genotypes/ subgenotypes also indicated a possible association with the ethnological origins of the populations [28] . This study was aimed to provide evidence that the distribution of HBV genotypes/subgenotypes is indeed related to the ethnogeographical structure of the Indonesian populations, in a study involving a large number of subjects with carefully defined ethnic backgrounds representing 40 ethnic populations. Our results demonstrate the association of HBV genotypes/subgenotypes with the ethnological origins of the populations of the Indonesian archipelago.
Materials and methods

Serum samples and ethnic populations
A total of 440 serum samples that were positive for HBsAg (310 men and 130 women; mean age, 40.2 ± 5.2 years) were obtained from asymptomatic carriers (263 samples), HBV-related liver disease patients (158 samples) who never received antiviral therapy, and blood donors (19 samples) . The samples were collected from 20 geographical locations (Table 1) . None of the participants was co-infected with either hepatitis C virus or human immunodeficiency virus. The ethnic background of the individuals from whom the samples were obtained was carefully documented and ascertained for at least three previous generations, both maternally and paternally, as described previously [26] .
Ethnic populations were selected to represent the clustering of their genetic and linguistic affinities based on the mapping of human genetic diversity in Asia by the HUGO Pan-Asian SNP Consortium [12, 33, 52] : the Austronesian languages-speaking populations of western islands of Indonesia (Sumatra, Kalimantan and Java), the Austronesian-speaking populations of the islands of Sulawesi and the Nusa Tenggara archipelago, and the Papua and Papuanspeaking eastern island populations. The origins and characteristics of the individuals from whom the HBV isolates were obtained are shown in Table 1 . Samples from Indonesians of Chinese ethnic origin were collected in three big cities (Jakarta, Surabaya and Medan). 
HBV genome sequencing
Viral DNA was extracted from 140 lL of HBsAg-positive serum using a QIAamp Ò DNA Mini Kit (QIAGEN Inc., Chatsworth, CA) according to the manufacturer's instructions. HBV DNA was detected by nested PCR using Platinum Ò Taq DNA Polymerase (Invitrogen), targeting the conserved segment within the S gene, using primer sets described previously [36, 37, 58] : S2-1 (5 0 -CAAGGTATG TTGCCCGTTTG-3 0 , nt 455-474) and S1-2 (5 0 -CGAACC ACTGAACAAATGGC-3 0 , nt 704-685) for the first round and S088 (5 0 -TGTTGCCCGTTTGTCCTCTA-3 0 , nt 462-471) and S2-2 (5 0 -GGCACTAGTAAACTGAGCCA-3 0 , nt 687-668) for the second round. Denaturizing, annealing and extension were carried out at 94°C for 30 s, 55°C for 30 s and 72°C for 1 min for both rounds of PCR (35 cycles for the first and 25 for the second round).
For whole-genome sequencing, five overlapping fragments were first amplified using primer sets described previously [35, 47, 49] The HBV isolates were collected from 440 individuals from 40 different ethnic populations of the Indonesian archipelago. The ethnic background of the individuals from whom the samples were obtained was carefully documented and ascertained for at least three previous generations, both maternally and paternally as described previously [26] . The isolates were arranged into four major groups based on the genetic clustering [52] of the ethnic backgrounds of the individuals from which they were isolated, which has been shown [52] to be consistent with their linguistic clustering [54] 72°C for 7 min. Amplification products were sequenced directly using Big Dye Terminator Reaction kits on an ABI 3130 Genetic Analyzer (ABI Perkin Elmer, Norwalk, CT, USA). The genome sequences were assembled and analyzed using BioEdit version 7.0.5 software. For the sequencing of the preS2 region, semi-nested PCR was carried out employing primer sets PS1-1 (5 0 -CCTCCTGCCTCCACCAATCG-3 0 , nt 3125-3144) and t703 (5 0 -CAGAGTCTAGACTCGTGGTG-3 0 , nt 242-261) for the first round and PS1-1 and PS5-2 (5 0 -CTCGTG TTACAGGCGGGGTT-3 0 , nt 190-210) for the second round [49] . The PCR was carried out for 35 cycles of denaturation at 94°C for 30 s, annealing at 57-59°C (depending of the primer pair used) for 30 s, and extension at 72°C for 60 s, and elongation at 72°C for 7 min.
HBV genotype and subgenotype determination Twenty-four complete genome sequences generated in this study, together with 141 obtained from GenBank (including Indonesian recently reported isolates) [28, 55] were aligned. A phylogenetic tree was constructed, and genetic distance was calculated by the 6-parameter method [40] . The genotypes and subgenotypes of the 24 new isolates were determined based on their phylogenetic co-clustering with the previously defined sequences. For the wider study of the HBV ethnogeographical distribution, genotype and subgenotype assignments were carried out for 654 isolates based on their preS2 sequences (440 sequences generated in this study and 214 sequences from GenBank) employing signatures of specific single nucleotide polymorphisms (SNPs) diagnostic for the various Asian HBV genotypes and subgenotypes, as reported previously [34] and developed further in this study (Table 2) .
Results
HBV genotypes and discovery of another novel HBV/B subgenotype from the Nusa Tenggara islands
Phylogenetic analysis of the 24 complete HBV genome sequences obtained in this study (21 sequences from ethnic populations of the eastern region: Sumbanese [7] , Flores [8] , Alorese [1] , and Papuan [Merauke 3, Jayapura 1 and Sentani 1]; and 3 sequences from ethnic populations of the western region: Javanesse [1] and Minang [2] ), along with 141 sequences from GenBank, identified 3 HBV genotypes, 17 HBV/B, 6 HBV/C, and 1 HBV/D (Fig. 1) . Of the 17 HBV/B isolates, 1 belonged to B3, 7 to B7, 5 to B8, and 4 to an unclassified cluster. The last of these was distinct from the existing HBV/B1-B8, with significant posterior probability (100). Phylogenetic trees constructed from ORFs P and S were consistent with that obtained from the complete genome although discordant with one constructed from ORF C, as observed previously, as the consequence of a recombination event involving this region [47] . Together with an intersubgenotype divergence of more than 4% for B1, B2, B4 and B6 (Table 3) , we propose that the unidentified cluster represents a novel subgenotype, designated B9 (Fig. 1) .
Subgenotype B9 was distinguished from other HBV/B subgenotypes by specific features seen in the region encoding HBsAg and HBcAg. In the part of the S gene (nt 155-832) encoding small surface protein (226 amino acid residues), HBsAg, two nucleotide substitutions were found in the B9 subgenotype isolate group that are not present in other isolate groups of B subgenotypes (Supplementary Figure 1) . These nucleotide substitutions were 555A and 570T, both of which were silent mutations. Within their core regions, encompassing nt 1901-2452, six nucleotide substitutions that are not present in other isolate groups of HBV/B subgenotypes were identified: 49G, 207A, 214T, 228G, 229A, and 291A (Supplementary Figure 2) . Three amino acid substitutions that are not present in other isolate groups of HBV/B subgenotypes were found: Val 15 , Leu 72 , and Lys 77 . The phylogenetic relationship between Asian HBV genotypes/subgenotypes and their ethnic origin and geographical distribution was also demonstrated, with HBV/ B1 and B2, which are found in Japan and China, respectively, clearly separated with the other HBV/B subgenotypes from island Southeast Asia (B3, B4, B5, B7, B8 and B9). Interestingly, HBV/C1, C2 and C5, which are predominant in Southeast and East Asia, formed a major cluster completely that was distinct from C6, which is specific to Papua. The other HBV/C subgenotypes, which is specific to the Oceanian (C3) and Aboriginal populations of northern Australia (C4), formed distant clusters.
Ethnogeographical distribution of HBV/B, HBV/C and HBV/D subgenotypes in the Indonesian archipelago HBV genotypes/subgenotypes in this study were determined based on the diagnostic sites of SNPs in the preS2 sequence. The distribution of the genotypes of the 440 HBV isolates was 312 HBV/B (70.9%), 121 HBV/C (27.5%), and 7 (1.6%) HBV/D (Table 4 ). The distribution of the HBV genotypes and their subgenotypes showed distinct ethnic-related patterns in the prevalence of genotypes B, C and D (Fig. 2) .
Of the 189 isolates from the islands of western Indonesia (Sumatra, Nias, Mentawai, Kalimantan, Java and Lombok islands), HBV/B accounted for almost 74.6% (141 isolates) followed by HBV/C (48 isolates; 25.4%). At the subgenotype level, B3 was by far the predominant one (70.9%), followed by B8 (9.9%), B9 (7.8%), and B5 (6.4%), while B2 and B7 represented only 2.8% and 2.1%, respectively, of the total HBV/B population. Of the HBV/C isolates, C1 was detected in 28 (58.3%) and C2 in 20 (41.7%) isolates. Thus, HBV/B and its subgenotype B3 were the predominant genotype and subgenotype in the islands of western Indonesia, with the exception of the Minang population of western Sumatra, in which HBV/C and its subgenotype C1 were the predominant genotype and subgenotype. In contrast, in the Moluccas and Papua, in the far east of the Indonesian archipelago, HBV/C was the predominant genotype (80%), followed by HBV/D (16.7%), and notably, only one HBV/B isolate was detected out of 30 examined. C1 was found in 37.5%, C2 in 20.8%, C5 in 12.5%, and C6 in 29.2% of the 24 HBV/C isolates. In the coastal populations of Papua, HBV/C6, a recently reported HBV/C subgenotype [24, 28, 55] , was by far the major subgenotype (43.8%), with C2 being the second (31.3%) and HBV/D constituting 25%.
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The distribution of HBV genotypes/subgenotypes among Indonesians of Chinese ethnic origin was dominated by HBV/B2 (42.4% of the total 33 HBV isolates), followed by HBV/B3 as the second dominant HBV/B subgenotype (25.5%).
The 24 HBV complete genomes together with 416 preS2 sequences obtained in this study have been deposited in the GenBank database with accession numbers GQ358136 to GQ358159 and GU071282 to GU071721, respectively.
Discussion
Several new HBV/B subgenotypes have been discovered in recent years from studies in ethnic populations of Asia, in addition to the initial subgenotypes identified in Japanese (Bj/B1), Chinese (Ba/B2) and 'Indonesian' (B3) populations [32, 47] . Recent studies [28, 34] suggested that the eastern islands of the Indonesian archipelago have an unusually high genetic diversity of HBV/B. For example, two subgenotypes have been reported (B7 and B8) from this region, in addition to B3, which is dominant in the western half of the archipelago. This observation is in contrast with that of the Japanese and Chinese populations in East Asia, which exhibit only one HBV/B subgenotype for each population, B1 and B2, respectively [32, 42] .
One more HBV/B subgenotype, B9, was discovered in the present study, in the East Nusa Tenggara islands of Indonesia. In addition to the posterior probability value (100), pairwise comparison of the HBV/B genome sequences (Table 3) revealed that the intersubgenotypic divergences of HBV/B9 against B1, B6, B2 and B4 were significantly higher than the suggested 4% as the distinguishing divergence for subgenotypes [20] (6.07 ± 0.49, 5.87 ± 0.29, 4.86 ± 0.37, and 4.82 ± 0.45, respectively). Although the divergences were less against B5, B8, B7 and B3 (3.43 ± 0.25, 3.22 ± 0.24, 3.21 ± 0.31, and 3.07 ± 0.24, respectively), we argue that consideration of the distinct geographical and host ethnicity association [21] , in addition to the phylogenetic and genetic distance data, define the unidentified cluster as a distinct subgenotype. Consistent with the above arguments, B5, initially discovered in the Philippines [41] also shows only 3.2% nucleotide divergence from the better established B3 of western Indonesia (Table 3) .
Subgenotype B9 branched at a position more distant than the ancestral point of B3 and B7 (Figure 1) , suggesting that it is evolutionarily older than B3 and B7.
Amino acid substitution patterns in core proteins of B9 isolates (Val 15 , Leu 72 , Lys 77 ) also distinguished them from other HBV/B subgenotypes. Two of the three substitutions occurred at known immune recognition sites: the immunodominant CD4 T-cell epitopes (amino acids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and the B-cell determinant (amino acid 74-89) [15, 21] . Further bioinformatics and experimental studies of B9 together with other HBV/B subgenotypes would be needed to understand the dynamic interactions between the virus and host immune system as well as natural selection in different host populations.
A closer examination of the phylogenetic relationships of the 165 complete genome sequences (24 sequences from this study and 141 from the GenBank database) between the various Asian HBV genotypes/subgenotypes clearly revealed their ethnogeographical association (Fig. 1) . HBV/B subgenotypes specific to East Asia (B1 in Japan and B2 in China) clearly separated from those of island Southeast Asia (B3, B4, B5, B7, B8 and B9). This observation revealed that HBV/B1 and B2 were the HBV/B subgenotypes specific to East Asia, while B3, B4, B5, B7, B8, and B9 specific to Southeast Asia.
To genotype and subgenotype a large number of HBV isolates in this study (440 isolates), we have utilized the sequence diversity of the preS2 sequence. We have shown previously that the sequence of the preS2 region-which is more variable than the S region, perhaps because it is subject to fewer functional constraints -can be used for reliable HBV/B and HBV/C subgenotyping on the basis of a set of diagnostic SNPs [34] . These diagnostic SNPs were determined from preS2 sequences of HBV isolates subgenotyped by phylogenetic analysis of whole genome sequences [34] . Additional diagnostic sites were identified from the 24 new whole genome sequences (Table 2 ). Thus, this study confirmed the usefulness of diagnostic SNPs of the preS2 sequence, particularly for analysis of large samples.
The results of our study provide the first direct evidence that the distribution of HBV genotypes/subgenotypes in the Indonesian archipelago is related to the ethnic origins of its populations. The genetic clustering of the ethnic populations of Indonesia has been defined as part of a recent large study on the genetic diversity of Asia by The HUGO PanAsian SNP Consortium [52] . The clustering is consistent with the ethnolinguistic structure of the Asian populations investigated [54] . Except for Papua, most of the ethnic populations of Indonesia are speakers of languages belonging to the Austronesian linguistic family. Our finding that HBV/B is the predominant genotype in the Indonesian archipelago, except in Papua and Papuan-influenced neighboring populations of Moluccas, where HBV/C was predominant, suggests that HBV/B is specifically associated with the Austronesian speakers, whereas HBV/C is the major genotype in Papua.
Of particular significance with respect to the origin of the ethnic populations is the association between the observed HBV/B subgenotypes and the linguistic subgroups of the Austronesian speakers. There are three Austronesian language subgroups in the Southeast Asian archipelago [4, 54] : Western Malayo-Polynesian (WMP; Sumatra, Java, Kalimantan, Sulawesi and the western islands of Nusa Tenggara), Central Malayo-Polynesian (CMP; the eastern islands of Nusa Tenggara and southern Moluccas) and South Halmahera West New Guinea (SHWNG). HBV/B3 is the major subgenotype in the Austronesian WMP speakers of the western half of Indonesia, whereas unique HBV/B subgenotypes-B7, B8, and B9-were observed in the populations of East Nusa Tenggara islands belonging to the Austronesian CMP linguistic subgroup.
The observation of HBV/B subgenotypes that are unique to the Indonesian ethnic populations and their distribution following the ethnolinguistic structure of the populations suggests that it is unlikely that these subgenotypes have been introduced in recent times. Rather, the result indicates that the origin of HBV distribution is associated with the ancient migratory events involved in the peopling of the archipelago. Archaeological and anthropological findings indicate that there were two major migratory events associated with the peopling of the Indonesian archipelago: the first occurred some 60,000 years before present (yBP) with the earliest arrival of modern humans in their continuing migration from Africa to Papua and Australia, while the second occurred around 3000-5,000 yBP as part of the diaspora of Austronesian-language-speaking populations [3, 11] . The Austronesian speakers replaced and perhaps assimilated most of the original Austromelanoid populations, but in the island of Papua New Guinea, the populations originating from the initial peopling event some 50,000 years earlier remain isolated, separated by extreme geographical features. The long isolation is reflected by the fact that there are more than 1,000 distinct languages spoken on the island, belonging to three language families [6, 7] , in addition to the Austronesian languages spoken by the coastal populations.
It has been suggested that the history of HBV evolution in primates is a relatively recent event, with the divergence in humans and apes occurring only in the last 6,000 to 7,000 years [8, 61] . However, this suggestion is incompatible with the finding of HBV in isolated aboriginal GU071550, GU071543, GU071544, GU071560, GU071566, GU071587, GU071585,  GU071586, GU071446, GU071452, GU071449, GU071470, GU071475, GU071500,  GU071501, GU071503, GU071506, GU071511, GU071461, GU071307, GU071525,  GU071524, GU071639, GU071362, GU071360, GU071641, GU071323, GU071325,  GU071327, GU071328, GU071332, GU071288, GU071293, GU071286, GU071608,  GU071599, GU071611, GU071602, GU071597, GU071381, The genotypes and subgenotypes of the 440 HBV isolates collected in the present study (Table 1) were determined from the sequence of the preS2 region of the HBV genome, employing the genotype-and subgenotype-specific SNPs described in Table 2 populations in Papua New Guinea and Australia [10, 43, 46] . The ubiquitous distribution of HBV/C in East and Southeast Asia, Papua New Guinea and Australia argues for an early introduction HBV along with the initial peopling of the islands. Following the above scenario, HBV/C, which was shown to be dominant in populations of mainland Asia and in indigenous populations of Papua and Australia (Fig. 2) but relatively low in the Austronesian-speaking populations, would have probably been introduced by the initial peopling of the archipelago. C1, which is the predominant HBV/C subgenotype in Indonesia, is also most prevalent in southern China [56] . The arrival of the Austronesianspeaking populations in the archipelago 3,000 to 5,000 yBP presumably displaced most HBV/C with the introduction of the Austronesian-associated HBV/B. The observation of the different spectrum of HBV subgenotypes associated with the WMP, CMP and SHWNG branches of the Austronesian-speaking population further supports the suggestion of co-migration of HBV/B and its human hosts and that the transmission of HBV in the distant past was mainly vertical, from mother to child, mimicking the transmission of the maternally inherited human mitochondrial DNA [34] .
The other interesting finding in this study was the observation that HBV/B2, which is characteristic to the Chinese populations of mainland Asia and Taiwan [22, 32] , was also dominant in Indonesians of Chinese ethnic origin, consistent with our previous observation [34] . Significantly, HBV/B3 was found to be the second major HBV/B subgenotype in the Indonesian Chinese. HBV/B3 has never been reported in the populations of China and Taiwan. Fig. 2 Ethnogeographical distribution of HBV genotypes/subgenotypes in the Indonesian archipelago. A total of 440 new HBV isolates were collected from 40 ethnic populations by a strict protocol to ensure the ethnic origins of their hosts to three previous generations (maternally and paternally) as described in Table 1 . The isolates were genotypes/subgenotypes based on a set of diagnostic SNPs, as shown in Table 2 . Three genotypes, B, C and D, and their subgenotypes were determined as shown in Table 4 . Data on previously published Indonesian HBV isolates were added to the above, but only those from individuals of known ethnic origin (86) Thus, this observation presumably reflects the social interactions between the indigenous and Chinese populations of Indonesia.
Several interesting deviations from the general pattern were observed, such as in the Austronesian WMP-speaking populations of Minang of West Sumatra, the Mandar, Kajang and Toraja of South Sulawesi, and the mixed Austronesian-Papuan populations of Alor in East Nusa Tenggara. Some of these deviations could be traced to more recent population interactions and movements within the archipelago.
Independent of the speculations about its origin, the finding of a specific association of HBV subgenotypes with the ethnic populations of the Indonesian archipelago is of epidemiological and medical relevance. A study of mutations that underlie beta thalassemia in Indonesia, for example, has also indicated a similar association with ethnic populations in the distribution of some 30 betaglobin mutations [44] . The distribution of many other diseases in the Indonesian archipelago is probably also determined to various degrees by the genetic clustering of its ethnic populations.
